Objectives To establish the prevalence of protrusio acetabuli (PA) in adults fulfilling the Ghent criteria for Marfan syndrome (MFS), and in a normal adult population. Methods 105 adults with probable MFS and 107 controls were included. CT of the hips was obtained. A qualitative assessment of PA was performed. A new method for estimating the degree of PA was introduced with measurement of the parameter CWD (circle-wall distance). Results were compared to an alternative method based on MRI [1] . Results 87 of the study group fulfilled the Ghent criteria of MFS (Ghent positives), and 18 did not (Ghent negatives). PA was diagnosed qualitatively in 74.7% of Ghent positive persons, in 27.8% of Ghent negative persons, and in 3.7% of the controls. CWD was significantly different between the three groups (p<0.001). A slight but significant gender difference was found in Ghent positive persons only. The alternative method did not differentiate between the groups with respect to PA, but showed a significant difference between genders. Conclusions PA was found significantly more often in MFS persons than in controls. Our method was found to be robust and highly reproducible, giving a direct measurement of pelvic protrusion irrespective of pelvic shape.
Introduction
Protrusio acetabuli (PA) is an inward protrusion of the acetabulum as a rounded mass into the pelvis [2] . Pelvic intrusion and acetabular protrusion seem to be used synonymously. The degree of protrusion varies from a few millimetres to five centimetres [2] . PA is seen in different disorders including primary idiopathic cases and secondary to neoplastic, infectious, metabolic, inflammatory, traumatic, congenital and genetic disorders [3] .
PA is one of the eight manifestations that may contribute to the major skeletal criterion for Marfan syndrome (MFS) according to the Ghent nosology [4] (Table 1) , and is included as one of the features of the "systemic score" in the newly revised Ghent criteria [5] .
A number of radiological features of PA have been suggested, but no gold standard has emerged [6] [7] [8] . A newly published study concludes that as pelvic tilt increases, classic radiographic measurements of PA become unreliable, and that computed tomography or magnetic resonance (MR) imaging probably will be more reliable [9] .
In this case control study the aims were to establish the prevalence of PA in adult persons fulfilling the Ghent criteria Minor criteria • Pectus carinatum
• Pectus excavatum of moderate severity • Pectus excavatum requiring surgery
• Joint hypermobility (Beighton score≥4) • Reduced upper to lower segment ratio<0. 85 or Arm span to height ratio greater than 1.05
• Highly arched palate with crowding of teeth
• Wrist and thumb signs • Facial appearance (dolicocephaly, malar hypoplasia, enopthalmos, retrognathia, down-slanting palpebral fissures)
• Scoliosis of>20°or spondylolisthesis • Reduced extension at the elbows (< 170°)
• for MFS, and to find the best criteria for the assessment of PA. CT was chosen due to its direct visualization of the acetabular shape and its superior depiction of cortical bone.
Materials and methods
The study was approved by the Regional Medical Ethics Committee.
For the purpose of informed consent only persons aged above 18 years were included.
Study population
The participants were recruited either by letter sent to the 134 individuals above 18 years of age registered in a National resource centre as having MFS; by advertisement in the journal of the National Association of MFS, or through invitations distributed in the Department of Thoracic and Cardiovascular Surgery at our hospital to patients suspected of having MFS. Age was the only exclusion criterion.
Out of 109 individuals that gave informed consent for participation, one died before the study started; one living abroad was not able to attend, and two withdrew. Consequently, the study population consisted of 105 persons, 67 women aged 20-69 years, mean 41.2 years (SD 13.6), and 38 men aged 19-62 years, mean 35.1 (SD 11.3) years. Before inclusion, 90 had been given a diagnosis of Marfan syndrome; 15 were suspected of having the diagnosis. All participants were Caucasian.
All persons in the study group were assessed for all parts of the Ghent criteria [4] by the same group of physicians. The assessment included sequencing of the entire coding region of the gene FBN1 and search for large deletions or duplications [10, 11] .
Control population
The control cases were chosen from the pool of patients in the radiological archive (PACS) of the Department of Radiology, based on the following criteria: Sex-and age-matched asymptomatic persons with respect to the hips and without any known connective tissue disorder, examined by CT of the abdominal and /or pelvic area due to symptoms from the abdominal area or with suspected vessel disease in the pelvic or abdominal region. Patients with liver or kidney transplants were excluded. The controls included 107 subjects, 68 women aged 19-69 years, mean 40.9 years (SD 13.7), and 39 men aged 19-64 years, mean 35.8 (SD 12.1) years.
CT imaging
Axial CT images with 3 mm slice thickness were obtained in the study population with a GE Prospeed SX CT system (General Electric Medical Systems, Milwaukee, WI, USA) and with different CT systems in the control population.
Image evaluation
The control and study populations were compared in aggregate. Consensus readings of 75 CT examinations of the study group and 77 of the control group were performed by two radiologists (RL and EK). Both were aware of which persons belonged to the study or control group, but had no further clinical information. Thirty CT examinations from each group were interpreted separately by RL and EK for assessment of interobserver agreement. For those without consensus readings, the average of the two radiologists' measurements were used for quantitative data, and for qualitative assessment of whether PA was present, cases with disagreement were resolved by reevaluation in consensus.
Measurements and definitions
PA was diagnosed qualitatively when there was an intrapelvic protrusion of the medial pelvic wall at the level of the acetabulum. The minimum thickness of the acetabular wall was also assessed; and the term "single cortex" was applied when only a single layer of cortical bone could be identified on two or more contiguous 3 mm CT slices ( Fig. 1) . For quantification of PA we introduced a circle with 10 cm radius. The circle was fitted to the inner pelvic wall at the level of the acetabulum where the cranial border of the superior pubic ramus fuses with the anterior column of the acetabulum (Fig. 2) . This level usually also includes the fovea of the femoral head. The circle was adjusted to a best fit with the concavities of the inner walls of the anterior and posterior column of the acetabulum. The distance between the line of the circle and the medial most point of the inner pelvic wall of the acetabular fossa (circle-wall distance, CWD) was measured (Fig. 2) . A positive distance indicates that this medial most point is medial to the circle, and a negative distance that the inner acetabular wall extends lateral to the circle. Increasing degrees of PA have increasing positive values of CWD.
Quantification of PA was also done according to the method described by Chen et al. [1] . In compliance with this method, the "distance between the medial most point of the acetabular fossa and a line perpendicular to the horizontal axis that passes through the lateral most point of the posterior inner pelvic wall" was measured at the level of the ischial spine. We named this distance the "fossa-line distance" (FLD). 
Statistics
Continuous data were described as mean and standard deviation or median, interquartile range and range for normally distributed or skewed data, respectively. Categorical data were described as frequency and percentage. Differences between the study groups were analyzed with one-way ANOVA with post hoc multiple comparison using Bonferroni correction or Pearson chi-square tests as appropriate. Skewed data were analyzed with a nonparametric Kruskal-Wallis test. Interobserver agreement was evaluated with intraclass correlation coefficient for continuous data and kappa statistics for categorical data. Receiver operating characteristic (ROC) curves were constructed to assess the ability of CWD to differentiate MFS from controls and PA from normal hips. Significance level was set to 5%. All statistical analyses were performed by SPSS version 16.0 (SPSS, Chicago, Il).
Results
The study population was divided into two groups through the clinical assessment for MFS: 1) persons fulfilling the Ghent criteria (Ghent positive, n=87), and 2) persons suspected of having MFS, but not fulfilling the Ghent criteria (Ghent negative, n=18). The control population constituted the third group (n=107).
PA was diagnosed qualitatively on one or both sides in 74.7% of Ghent positive persons, in 27.8% of Ghent negative persons, and in 3.7% of the controls ( Table 2) . None of the participants were dependent on a diagnosis of PA to become Ghent positive. PA, when present, was bilateral in 81.5% of Ghent positive persons, in 100% of Ghent negative persons, and in 50% of controls.
Quantitative assessment of acetabular protrusion using the 10 cm circle was possible in all study persons and controls. Measurement of CWD showed statistically significant differences between the three groups ( Table 2 ). The median CWD was 3 mm (range 0.0-9.0 mm) in Ghent positive persons, 0 mm (range -0.5-5.0 mm) in Ghent negative persons, and 0 mm (range -3.0-2.0 mm) in controls. ROC analysis of CWD vs. qualitative diagnosis of PA showed an area under the curve of 0.99 (95% CI 0.98-1.0); a CWD cut-off value of 1.25 mm resulted in a sensitivity and specificity for PA of 95.5% and 97.6%, respectively. ROC analysis of CWD in differentiating MFS from controls showed a sensitivity and specificity in diagnosing MFS of 68.8% and 97.2%, respectively, when using a CWD cut-off value of 1.25 mm (Fig. 3) .
Measurement of acetabular protrusion according to Chen et al. [1] was possible in 146 (68.9%) of all study persons and controls. No statistically significant differences between the three groups were found. The median FLD was 0.0 mm (range -7.0-8.0 mm) in Ghent positive persons, 0.25 mm (range -3.0-3.0 mm) in Ghent negative persons, and 0.0 mm (-7.0-6.0 mm) in controls. Statistically significant differences between women and men were found in all three groups when using the Chen method (Fig. 4) . Median FLDs in women and men, respectively, were 1.0 and 0.0 mm in Ghent positive persons; 1.0 and −2.0 mm in controls. Relatively large positive values of FLD could be found in women also in the absence of PA (Fig. 5) .
With our circle method, significant gender differences were not found, except for the Ghent positive persons where women had slightly larger median CWDs than men (3.0 vs. 2.0 mm).
"Single cortex" was found on at least one side in 94.3% of Ghent positive persons, in 83.3% of Ghent negative persons, and in 57% of the controls. When presence of "single cortex" was calculated as percentage of number of hips, the figures for these three groups were 93.5%, 69.4%, and 50.9%, respectively. These differences between the groups were statistically significant ( Table 2) . If n is specified in a cell, the number of hips included in that measurement is different from the number included in the study. PA protrusio acetabuli, CWD circle-wall distance, FLD fossa-line distance
Discussion
PA is one of the manifestations that may contribute to the diagnosis of MFS [4] , however, diagnosing PA has been a point of discussion since the accuracy of measurements on plain pelvic radiographs is uncertain and may vary with pelvic tilt [9] . Few authors have assessed the different radiological methods in a validated way [9] , and the definition of PA has varied depending on the radiological method used [8] .
The reported prevalence of PA in MFS has varied in different studies [7] . Steel et al. studied PA in children and adults with MFS and found different percentages of PA depending on the method of assessment; Steel´s method [12] gave 27% of the patients the diagnosis of PA while the Armbuster method [13] gave 16%. Yule et al. [6] found that 60% of their MFS patients had PA using the relationship of the acetabular line to the ilioischial line as the sole criterion of PA. In their study, 7% of the controls had PA based on this method.
Qualitative assessment of PA in our study was defined as any degree of intrapelvic protrusion of the medial pelvic wall at the level of the acetabulum. Using this criterion, we found a very high percentage of PA in our MFS persons (74.7%) as compared to the controls (3.7%). The finding of PA in 27.8% of the persons suspected of having MFS but not fulfilling the Ghent criteria, probably reflects that several of these persons had other connective tissue diseases that might predispose for PA. Of the 18 persons, five had Loeys-Dietz syndrome; one vascular EhlersDanlos syndrome, and one homocystinuria [11] .
For quantitative assessment of differences in medial protrusion of the acetabulum we developed the "circle method" with a standard radius. The method was quick and easy to apply, with a high interobserver reproducibility. We found a 10 cm radius circle to have an arc similar to the concavity of the inner pelvic wall at the acetabulum in most normal adults. The vast majority of the controls therefore had no distance between the circle and the medial pelvic wall at this level, i.e. a CWD of 0 mm. A threshold value for CWD with respect to PA occurs when the inner pelvic acetabular wall is flat. The actual CWD in these cases will vary slightly with the anteroposterior size of the acetabulum, i.e. with the distance between the two points where the circle crosses the acetabular wall anteriorly and posteriorly. We found this distance to be in the order of 3-3.5 cm, corresponding to a CWD of 1.1-1.5 mm. Our ROC analysis suggested a cut-off value of 1.25 mm.
Measurement of CWD with our circle method confirmed a statistically significant difference between the three groups, PA being both more frequent and more severe in Ghent positive persons, with a maximum CWD of 9.0 mm as compared to 5.0 mm and 2.0 mm in Ghent negative persons and controls, respectively. Due to the fact that approximately 25% of the Ghent positive persons did not have PA, CWD was not a very sensitive marker of MFS (Fig. 3) . The less than 100% specificity with the optimum cut-off value of CWD reflects the finding that even presumed normals may have a slight degree of PA.
The quantitative method for assessment of PA as described by Chen et al. [1] could be applied in approximately two thirds of the cases, the main reason for failure being considerable asymmetry and pelvic tilt. Chen's method requires that the ischial spine is depicted in the same axial image as the medial most point of the acetabular fossa, and this was often not the case. When the method could be used, it had a high interobserver reproducibility, but a low accuracy in detecting PA. Somewhat unexpectedly, Chen's method showed significant gender differences not shown by our circle method (except in the Ghent positive persons). This may be explained by a difference in pelvic shape between genders. The pelvic outlet in women tends to be wider than in men, resulting in a higher degree of convergence of the anterior pelvic walls. In addition, women have increased backward sacral tilt compared to men [14] , which will enhance anterior convergence. A high anterior convergence can make the acetabulum project medial to the inner pelvic wall of the posterior column (Fig. 5) , giving a false impression of PA.
Our circle method is not influenced by anterior convergence of the pelvic walls, and the slight gender difference in CWD found with this method in Ghent positive persons, may therefore reflect a real difference between the sexes with respect to development of PA in MFS.
We found bilateral PA more often in Ghent positive persons than in the controls, probably reflecting that MFS is a systemic disorder which is likely to affect both hips with the same frequency.
The finding of "single cortex" for the acetabulum was always present in cases of PA. It seems likely that the same Fig. 5 Axial CT of the hips in female control. Relatively large FLD (5.5 mm), but no protrusio acetabuli. Lines drawn according to method by Chen et al [1] mechanism that leads to inward protrusion of the acetabular wall also will result in thinning of the wall. "Single cortex" was however observed also in hips without PA as more than half of our normal controls (57%) had "single cortex" of the acetabulum, but in a smaller part of the acetabular wall compared to hips with PA (Fig. 1) .
Our study has several limitations. The choice of a 10 cm radius circle for measuring the degree of protrusion was somewhat arbitrary, adjusted to the concavity of the inner acetabular wall of most adult hips. This inner concavity is not always uniform; the curvature of the arc may change from anterior to posterior. In cases of PA, when the circle crosses the inner pelvic acetabular wall at two points, the value of CWD is not only dependent on the degree of PA, but also on the distance between the crossing points, which again is determined by the placement of the circle. Our interobserver study indicates, however, that placement of the circle and measurement of CWD could be done with high reproducibility. Using a somewhat larger circle in adults would have had minor influence on the results. Replacing the 10 cm circle with e.g. a 12 cm circle would have changed the threshold values of CWD (a flat inner pelvic acetabular wall) from 1.1-1.5 mm (see above) to 1.0-1.3 mm. A smaller circle would have to be used for similar measurements in children. When testing a new method for accuracy, it should ideally be compared to an independent and established gold standard. In this case, there was no such gold standard, and the sensitivity and specificity of the circle method in diagnosing PA, was therefore calculated using qualitative assessment of PA with CT as gold standard.
CT of the hips can be performed with low radiation dosage, but persons with hereditary connective tissue diseases are often subject to diagnostic procedures, and methods using ionizing radiation should be kept to a minimum. MR imaging would probably have given similar results with respect to assessment of PA.
Conclusions
PA was found significantly more often in MFS persons than in controls. Our circle method was found to be robust and highly reproducible, giving a direct measurement of the degree of pelvic protrusion irrespective of pelvic shape. CT gives an excellent view of the hips, and should be preferred to radiography in the diagnosis of PA.
